Mechanical properties of three kinds of open-cell Mg alloys; a cellular Mg alloy with random cell structure (type A), a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 45 • (type B) and a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 0 • (90 • ) (type C), were investigated by compressive tests. The type C showed the higher collapse stress than the other types. The collapse mechanism and effects of the loading direction on collapse stress for the cellular Mg alloys were investigated from the viewpoint of bending, buckling and yielding of the struts. As a result, it was suggested that collapse for the cellular Mg alloys is associated with yielding of struts.
Introduction
Recently, there has been a considerable increase in interest for cellular metals. 1) Cellular metals are super-light metals exhibiting unique properties such as high energy absorbing.
2)
The applications of cellular metals are in a wide range of impact energy absorbers, silencers, flame arresters, heaters, heat exchangers, constructional materials and so on. 3) To date, the mechanical properties of cellular metals have been extensively investigated. These studies revealed that the cellular metals exhibit a plateau region with a nearly constant flow stress. It has been demonstrated experimentally 12) and theoretically 2) that the flow stress in a plateau region is strongly affected by the density. Gibson and Ashby 2) analyzed the collapse stress in a plateau region of a cellular metal from the viewpoint of bending of struts and they showed that the collapse stress of a cellular metal is proportional to the 3/2 power of density. Natural cellular materials have a variety of cell structure to match surrounding conditions such as applied loading. This suggests that mechanical properties of cellular metals are strongly affected not only by the density, but also by the cell structure. Also, a cellular material often exhibits different effects of the loading direction on mechanical properties from a solid material because deformation mode of struts in the cellular material can be changed by the loading direction. Therefore, it is suggested that even if the cell structure is the same, the mechanical properties of a cellular material are strongly affected by the loading direction. Hence, it is important to investigate anisotropy of mechanical properties of cellular solids for understanding of deformation mechanisms of cellular solids. In the present paper, mechanical properties of three kinds of open-cell Mg alloys; a cellular Mg alloy with random cell structure, a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 45
• and a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 0
• (90 • ), are investigated by compressive tests. On the base of the experimental results, compressive deformation mechanisms of the cellular Mg alloys are analyzed from the viewpoint of bending mode, buckling mode and yielding mode of the struts.
Experimental Procedure
AZ91 Mg alloy (Mg-9 mass%Al-0.8 mass%Zn-0.2 mass%Mn) was used as a starting material. Three kinds of open-cell Mg alloys; type A is a cellular Mg alloy with random cell structure, type B is a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 45
• and type C is a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 0
• (90 • ), were fabricated by casting. The fabrication method was the same as that in the previous work. 25) Plaster was poured to polymers with the cell structures, and then the plaster molds were heated to 773 K. Because the polymers were removed by heating, the plaster molds had the porous structures. Molten AZ91 magnesium was poured into the porous plaster molds and heated to 873 K. After cooling, water was sprayed to the plaster molds. The plaster molds were broken down by water spray, and the open-cell Mg alloys were obtained. A polyurethane foam was used as a polymer material for the type A and epoxy foams were used as a polymer material for the type B and the type C. The cell structures of the epoxy foams were controlled by a stereolithography technique, using Solid LD Plotter 4000.
Micrographs of the open-cell Mg alloys are shown in Fig. 1 . The struts had a columnar shape. The characteristics of the cellular Mg alloys are listed in Table 1 . The densities of the cellular Mg alloys were almost the same.
Compressive test samples were cut from the cast materials. Schematic illustration of the test samples for the type B and the type C are shown in Fig. 2 and Fig. 3 , respectively. The sample dimensions were L 1 = 32 mm, L 2 = 32 mm and L 3 = 22 mm, respectively. Compressive tests were carried out at room temperature with an initial strain rate of 10 −3 s −1 . The deformation behavior of the samples during the compressive tests was monitored using a video camera.
Resuls
The nominal stress-nominal strain curves of the cellular Mg alloys by compressive tests are shown in Fig. 4 . In general, a cellular solid shows an elastic region in an initial stage, and then a plateau region with a nearly constant flow stress, finally a densification region where the flow stress significantly increases. 2) In the previous study, 25) the similar behavior was observed for the Mg foam with the random-cell structure. It should be noted that the type B shows almost the same stressstrain curve as the type A, indicating that the dominant deformation mode of a cellular Mg alloy with random cell structure is the same as that of a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 45
• . The collapse stresses were about 0.1 MPa for the type A and the type B. For the type C, however, the flow stress decreased after a sharp peak and then it rapidly increased with straining. Such fluctuation of the flow stress repeated in the plateau region. This trend is the same as that in the cellular epoxy. 26) The collapse stress (first peak stress) was 0.4 MPa for the type C. It should be noted that the collapse stress of the type C was 4 times higher than those for the type A and the type B. Recently, Markaki and Clyne 27) revealed that the mechanical properties of a cellular Al alloy were strongly affected by the microstructure. In the present investigation, however, the density and microstructure of the cellular Mg alloys were the same. Therefore, the difference in deformation characteristics for the cellular Mg alloys is likely to be related to anisotropy of the mechanical properties due to difference in the angle between the struts and the load direction.
Another important result in Fig. 4 is that the densification strains, which is the strain to the onset of the densification region, are almost the same for three kinds of the cellular Mg alloys, namely, the densification strain is not affected by the cell structure and the loading direction. It is therefore suggested that the densification strain mainly depends on the relative density.
2) Figure 5 and Fig. 6 show frames during deformation from a videotape in the type B and the type C, respectively. For the type C, deformation occurred locally in the perpendicular struts of horizontally aligned cells. Inspection of the frames during deformation revealed that the flow stress increased until the onset of local deformation, and then it decreased after the onset of local deformation. This tend is the same as that of the cellular epoxy. 26) However, though the flow stress decreased to zero for the cellular epoxy, the flow stress did not decrease to zero for the cellular Mg alloy. This difference between the cellular Mg alloy and the cellular epoxy may be because the Mg alloy is more ductile than the epoxy.
For the type B, local deformation occurred in cell rows inclined at 45
• . In this case, because some of cells aligned horizontally are not collapsed and the perpendicular load is transferred, 26) the flow stress does not change largely during deformation for the type B.
There are some deformation modes of a strut such as bending, buckling and yielding. Now consider the deformation mechanism of the type B from the viewpoint of bending, buckling and yielding of a strut. First, the bending mode will be analyzed. When the struts are deformed by bending, the collapse stress is given by (Appendix 1)
where σ oblique-bending is the collapse stress for bending mode of the type B, σ y is the yield stress of a solid metal, d and λ is the diameter and the length of a strut, N 1 and N 2 are the number of node and L 1 and L 2 are the length of a sample, respectively. The collapse stress of the type B is calculated to be 0.02 MPa from eq. (1). This value is lower than the experimental data of the type B (= 0.1 MPa). Therefore, it is concluded that the collapse stress of the type B is not related to bending. When a strut is restricted by neighboring struts, the strut cannot be deformed by simple bending. In such a case, the strut is deformed by buckling or yielding even for the angle between the struts and the load direction of 45
• (Fig. 7) . When the struts are collapsed by buckling, the collapse stress is given by (Appendix 1)
where σ oblique-buckling is the collapse stress for buckling mode of the type B and E is the Young's modulus of the solid material. The collapse stress of the type B is calculated to be 4.1 MPa from eq. (2). This value is much larger than the ex- perimental data of the type B (= 0.1 MPa). When the ratio of diameter/length of a strut, d/λ, is large, a strut is collapsed by yielding, not by buckling. The critical ratio of a strut can be given by 
where σ oblique-yielding is the collapse stress for yielding mode of the type B. The collapse stress of the type B is calculated to be 0.72 MPa from eq. (4). This value is close to the experimental data of the type B (= 0.1 MPa). Therefore, it is likely that collapse of the type B is related to yielding of struts. This indicates importance of restriction of movement of a strut by neighboring ones for collapse of the cellular Mg alloy. Next, consider the deformation mechanism of the type C. For this case, collapse of the cellular Mg alloy is related to buckling or yielding. When the struts are collapsed by buckling, the collapse stress is given by (Appendix A)
where σ vertical-buckling is the collapse stress for buckling mode of the type C. From eq. (5), the collapse stress of the type C is calculated to be 5.9 MPa. This value is much larger than the experimental data of the type C (= 0.4 MPa). When the struts are collapsed by yielding, the collapse stress is given by (Appendix A)
where σ vertical-yielding is the collapse stress for yielding mode of the type C. From eq. (6), the collapse stress of the type C is calculated to be 0.81 MPa. This value is roughly in agreement with the experimental data of the type C (= 0.4 MPa). Therefore, it is concluded that collapse for the type B and the type C is associated with yielding of struts.
However, it appears from Fig. 5 and Fig. 6 that collapse of the cellular Mg alloys is not related only to yielding of the struts. It is therefore likely that the struts are plastically yielded in an initial stage of straining, and then they are deformed largely by bending. In this case, the collapse stress is related to yielding because the collapse stress for yielding mode is much higher than that for bending mode.
The results in Fig. 4 showed that the stress-strain curve of the type A was the same as that of the type B. Therefore, the collapse stress is likely to be related to yielding for the type A as well as for the type B. To date, it has been considered that collapse of metallic foams is related to bending of a strut.
2)
However, it is considered from the results in the present investigation that yielding plays an important role in collapse for the cellular Mg alloy with random cell structure (type A) as well as the cellular Mg alloys with controlled cell structure (type B and type C).
Discussion
Assuming that N 1 = N 2 = N 3 = ∞ and λ d, the collapse stress of cellular AZ91 Mg alloys is given by (Appendix B)
For the type B,
(bending mode) (7) σ oblique-buckling = 3925 ρ ρ s 2 (buckling mode) (8)
For the type C, (11) where ρ is the density of an open-cell AZ91 Mg alloy, ρ s is the density of a solid AZ91 Mg alloy. It should be noted that the collapse stress of the type B is the same as that of the type C when the deformation mode is the same. This suggests that the loading direction has no effect on the collapse stress of cellular metals when the deformation mode is the same. Gibson and Ashby 2) analyzed the collapse stress of a cellular metal from the viewpoint of bending of a strut. According their results, the collapse stress of an open-cell metal is given by
where σ is the collapse stress of an open-cell metal and C is a constant. This equation indicates that the collapse stress is proportional to the 3/2 power of density. This trend is the same as that in eq. (7). The variation in collapse stress of cellular AZ91 Mg alloy as a function of relative density, based on eq. (7)-eq. (11), is shown in Fig. 8 , where the experimental date are imposed. It is demonstrated from the results in Fig. 8 that the dominant deformation mode of the struts in the cellular Mg alloys is yielding.
As mentioned above, the collapse mechanism is the same for the cellular Mg alloys in the present investigation. However, the experimental result showed that the collapse stress of the type C was 4 times higher than those of the type B and the type C. This difference in collapse stress cannot be explained only by the influence of surfaces.
Actually, the dimensions of each strut and the angles between the load direction and each strut were not perfectly the same. Hence, it is reasonable to consider that all struts are not necessarily deformed in the same mode. For example, some struts are collapsed by yielding because of strong restriction by neighbor struts, but other struts are collapsed by bending because of weak restriction by neighbor struts. In this case, the struts collapsed by bending is hardly associated with the collapse stress of the cellular Mg alloys because the collapse stress for bending mode is much lower than that for yielding mode. Hence, the fact that the collapse stress of the type C was higher than those of the others is likely attributed to difference in the number of struts collapsed by bending. Namely, the number of struts collapsed by bending is considered to be fewer for the type C than for the types A and B. The degrees of imperfection of struts are the same for three kinds of the cellular Mg alloys. Hence, the number of struts collapsed by bending essentially depends on the angle between the struts and the load direction, namely, bending of the struts occurs easily for the type A and the type B, compared to the type C.
The previous studies [28] [29] [30] showed that defects such curves and folds reduce the collapse stress of cellular solids. This may be because restriction of movement of the strut by neighboring struts is weakened by the defects. Therefore, it is suggested that it is important to reduce the degree of imperfection of struts for strong restriction of bending of struts by the neighboring struts.
Conclusions
(1) Mechanical properties of three kinds of open-cell Mg alloys; a cellular Mg alloy with random cell structure (type A), a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 45
• (type B) and a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 0
• ) (type C), were investigated by compressive tests.
(2) The stress-strain curve for the type B was almost the same as that for the type A. This indicates that the dominant deformation mode of a cellular Mg alloy with random cell structure is the same as that of a cellular Mg alloy with controlled cell structure for which an angle between the struts and the load direction is 45
• . (3) The collapse stress of the type C was 4 times higher than those for the type A and the type B.
(4) It was suggested from the experimental and analytical results that collapse for the cellular Mg alloys is associated with yielding of struts.
(5) In addition, analyses suggested that the loading direction has no effect on the collapse stress of cellular metals when the deformation mode is the same. Hence, the fact that the collapse stress of the type C was higher than those of the others indicates that there was difference in the number of struts collapsed by yielding between the type C and the others.
deform the cellular solid, F, is given by
where N 1 and N 2 are the number of node in the cellular solid. Hence, the collapse stress is given by
where σ oblique-bending is the collapse stress for bending mode of the type B, L 1 and L 2 are the length of a sample.
(2) Buckling mode
The load required to buckle a strut, P bk is given by
where E is the Young's modulus of a solid material and I is the geometrical moment of inertia of a strut. Hence, the collapse stress is given by
where σ oblique-buckling is the collapse stress for buckling mode of the type B.
(3) Yielding mode
The load required to yield a strut, P y is given by
Hence, the collapse stress is given by
where σ oblique-yielding is the collapse stress for yielding mode of the type B.
B. Cellular solid with an angle between the struts and the load direction of 0
(1) Buckling mode The load required to buckle a strut, P bk is given by
The load required to deform the cellular solid, F, is given by
where σ vertical-buckling is the collapse stress for buckling mode of the type C.
(2) Yielding mode
where σ vertical-yielding is the collapse stress for yielding mode of the type C.
Appendix B
Assuming that N 1 = N 2 = N 3 = ∞ and λ d, the relative density and the sample dimensions of the cellular solid are given by For the type B
For the type C
where ρ is the density of a cellular material and ρ s is the density of a solid material. The relative densities for the type B and the type C are the same. The yield stress, σ y , and Young modulus, E, for the AZ91 Mg alloy were 69 MPa and 45 GPa from the experimental results, respectively. Hence, the collapse stress for bending mode of the type B is given by The collapse stress for buckling mode of the type C is given
